One of the basic infrastructures of every settlement is the water distribution system, which provides clean and potable water for both private houses, industrial consumers and institution establishments. The operational robustness and vulnerabilities of these networks is an essential issue, both for the quality of life and for the preservation of the environment. Even with frequent and careful maintenance, unintentional pipe bursts might occur, and during the reparation time, the damaged section must be isolated hydraulically from the main body of the water distribution network. Due to the size and complexity of these networks, it might not be trivial how to isolate the burst section, especially if one wishes to minimize the impact on the overall system. This paper presents an algorithmic method that is capable of creating isolation plans for real-life networks in a computationally efficient way, based on the graph properties of the network. Besides this segmentation plan, the topological behavior of the structural graph properties was analyzed with the help of the complex network theory to create a method for the quantitative topology based categorization of the water distribution networks.
Introduction
Water distribution networks (WDNs) are an essential infrastructure of every settlement that provide clean drinking water for the industrial and residential area. Even in the case of careful maintenance, various failures (e.g. pipe burst) might occur, and the responsible utility company must be capable of creating a hydraulic isolation plan that allows quick separation of the area while minimizing the number of affected consumers, which can be achieved via the closure of isolation valves. Because of the complexity, heterogeneity and size of the WDNs, the optimal location of these isolation valves is far from being trivial. Therefore, the time delay between the identification of the pipe burst and the proper segregation of the area can exceed over hours due to the search of the correct, functioning valves. During these hours many liters of drinking water are wasted, moreover, because of the presence of soil erosion, the damage caused to the property or transport infrastructure (notably roads) can increase drastically. The purpose of this paper is to develop a method to build such isolation plans that result in the smallest isolated segment and hence minimizes the affected area. The proposed technique uses graph properties that are capable of describing the topological type of a WDN without its graphical image or hydraulic simulation.
In this study, we classify WDNs based on their topology as either an urban district or suburban area, see Fig. 1 and Fig. 2 . As can be seen, the main difference between them is the redundancy and the number of the loops: an urbanlike network such as the one depicted in Fig. 1 is grid-like, the majority of the pipes are short, and the connectivity between the nodes is high. Such networks are redundant, i.e. if a pipe segment (edge) is closed, there are still several alternative routes to reach the nodes. On the contrary, suburban networks are mostly linear in the sense that the connectivity between the nodes is small and often, by closing an edge, some part the system becomes isolated from the water source. Purely urban or suburban WDSs are rare, and we wish to develop measures to quantify the topology of reallife networks. We will use 10 real-life networks from Sopron Waterworks (Hungary) with increasing complexity and size, whose properties are listed in Table 1 .
The rest of this paper is organized as follows. Section 2 begins with the theoretical toolbox of the research and also summarizes how other researchers addressed the issue. The third section is concerned with the methodology used for the creation of the segment graphs. The fourth and fifth sections present the key findings of the research, Section 4 focuses on the issue of shutdown plans, while Section 5 discusses the findings of the graph analysis. Finally, Section 6 gives a brief summary and discussion of the findings.
Literature survey
Let us imagine that one closes all the isolation valves in a WDS at once. The smallest connected parts containing pipelines, tanks, pumps, etc. of a hydraulic system are called segments [1] . In [2] and [3] has been suggested that ideally, the number and the placement of the isolation valves is such that there are N or N-1 valves around all nodes, where N stands for the number of connecting pipelines at that node (we shall refer to these suggestions as N and N-1 rules). Using this method every single pipe can be isolated individually. However, real WDNs cannot follow these rules due to financial reasons. For finding an optimal set (in the Pareto sense) of solutions in [4] has been published a method where the total cost and the average demand shortfall compete against each other.
WDSs are usually represented by the edges (pipes, valves, pumps, etc.) and nodes, which we will refer to as link-node representation. In this paper, however, we will use another representation, where the set of nodes, pipes, pumps, etc. are the nodes and the isolation valves connecting them will be the edges, resulting in a segment graph. One of the first algorithms capable of building such a segment graph was presented in [5] . Later in [6] has been developed a method that handled one-way devices as well (e.g. check valves) and demonstrated its capabilities on two reallife WDNs. By improving the Floyd-Warshall algorithm [7] defined a computationally efficient technique that was used in the city of Tianjin containing more than 700k nodes.
There are several research papers trying to capture the robustness of WDNs against pipe failures. In [8] is defined the Global Resilience Analysis (GRA) based on extended hydraulic calculations and demonstrated its use on four artificial networks, assuming that the isolation valves are located according to the N-rule (although this is far from the real-life cases) and that the repair time of a pipe failure is three hours (which might also be optimistic). The GRA was also extended to handle excess demands (e.g. firefighting) and contamination. In [9] , the authors presented different approaches for placing isolation valves (e.g. N, N-1 rule, limited, scarce) and the failure of a single isolation valve was investigated based on the number of isolation elements that are required for segregation, the segment lengths, and the system supply shortfall. The theory was capable of determining the critical valves; moreover, the authors concluded that the critical valves are often associated with key segments, on the other hand they are related to the topology of the network layout. Having said that, the cost of the valve itself and that of the necessary auxiliary labor (earthwork, repavement cost, etc.) was not considered.
In the late 90's a new discipline appeared, namely network theory, where the scientists analyzed the topology of huge networks (e.g. world wide web, human relations, electrical networks) and tried to understand the processes based on the topology (e.g. effect of cyber-attacks, spreading of infections). For example, the effect of a random failure and direct attack was analyzed in [10] in case of random and "scale-free" networks. A detailed overview of the complex network principles can be found in [11] . In recent years graph theory started to infiltrate into WDN analysis. In [12] has been calculated structural properties and degree distribution of four WDNs (two artificial, two real) and tried to define an objective indicator for robustness and vulnerability. However, it was also mentioned that caution is required since topological quantities can only partially describe a network. In [13] has been made an attempt to quantitatively categorize WDNs based on graph metrics, defined as branch index. Another approach of recent papers is to find a connection between topological properties and hydraulic metrics in a WDN. [14] found a relationship between the vulnerability of a network and the betweenness centrality.
[15] and [16] both created artificial WDNs (but in a completely different way) and searched for a relation between structural values and hydraulic indicators. This connection was used to tune two different regression models to predict hydraulic values (maximum of system unit head loss, average water age, and containment concentration) in [15] . [16] also found relations quantitatively, however, it is important to emphasize that both articles investigated artificially generated WDNs, while real-life cases might differ from those.
Therefore, our aim is to investigate the segment graph of ten real life water distribution system from the perspective of complex network theory to represent the possibilities what this literaturely underrepresented field of study behold for robustness analysis.
Segment graph
Nowadays, numerous algorithms are available in the literature to create the segment graph of a water distribution system, most of which is based on the A adjacency matrix of the network, that is:
1,if i-th and j-th nodes are connected, 0, if i-th and j-th nodes are n not connected.
It is important to notice that the adjacency matrix is an N N × sparse matrix, and in order to keep the computational effort and storage requirement as low as possible, special sparse matrix algorithms and representation should be used. The main novelty of the approach proposed here is that it is based on the list of the edges, that is a 2M long vector containing the indices of the nonzero values of the adjacency matrix, i.e. 
where the k-th edge is connecting the nodes with s k and e k indices. In overall, the presented method does not require sophisticated sparse matrix-related software (or programming library) and yet it is advantageous in terms of computational effort. The sketch of the proposed algorithm can be seen in Fig. 3 . The input data are (1) the list of the connected pipelines (in the form of Eq. (2)), (2) the data of the nodes and (3) the position of the isolation valves. Using these the algorithm is defined as follows.
• First, every pipeline with a built-in isolation valve is identified. After that, these valves are closed virtually, which means that the corresponding valve is replaced by two unconnected nodes as it can be seen in Fig. 4 a.
• The virtual valve closure break the network into small groups of pipes and nodes, that are the segments of the water distribution system. In the next step, the algorithm chooses the first pipe in the edge list and searches for all of its connections. Once a connected edge is found, it is removed from the edge list and added to the segment specified edge list. The algorithm restarts the search from the beginning of the modified edge list, but comparing the element of the reduced edge list to the extended segment specified edge list. It means that in the next cycle the connections of the newly found edge are also searched. This algorithm is called breadth-first search [11] .
If the loop could not found any new connection, a segment is defined and saved then a new search is started at the beginning of the edge list. Fig. 3 The sketch of the segment graph creator algorithm.
• When the size of the edge list is zero (there are no more unvisited edges), it means all of the segments have been identified. The connections between the segments are derived by means of the location of the removed isolation valves. The flowchart segment graph building is explained in Fig. 4 c.
After testing the algorithm on the test networks listed in Table 1 , it can be concluded that the number of nodes shows a linear correlation with the run-time of the segmentation algorithm. Moreover, even in case of our largest presented network (that contains more than 6000 nodes), the computation time was below one second while it was running on an average PC.
Isolation plan
From the practical point of view, the most important outcome of the segment graph analysis is the automatic generation of a shutdown plan, that is the hydraulic segregation of the damaged part of the network for the time of the reconstruction. In the case of a pipe burst, after the location of the damaged pipe was identified by the maintenance staff (i.e. its identifier has been found based on the network plans), the shutdown plan can be determined by searching which segment contains the problematic pipeline and then listing the isolation valves that are connecting to this segment with their exact position.
A remarkable advantage of this method is that the segment graph needs to be calculated only once, and through that, the real-time identification of the isolation valves required for the segregation of the damaged area is possible even in case of large networks. On the other hand, as the connected segments are identified, the effect of the segment segregation can easily be predicted; the segments (consumers) which are cut off from the flow source (e.g. pumps, tanks) can be identified easily as well, so the locations of water outage can be forecasted.
To identify the segregated segments, the same method was used as before, but this time the starting node is the source. The difference in the visited paths with/without the segregation gives the segments which are cut off from the source under the reconstruction of the broken pipe. It means that, if the technical terms are available, the maintenance staff not just easily finds the isolation valves needed for the segregation, but they can also send an automated warning about the problem to the consumers located in the cut-off segments.
Degree distribution
As it was introduced in the literature survey, nowadays many research focuses on the analysis of the water distribution systems from the network theory approach. The presented studies provide evidence that there is a connection between the hydraulic reliability and the topological properties of the network [12, 15] . We are investigating now the degree distribution of the segment graph. The degree of a node is the number of the connections between itself and any other node in the network, i.e. in case of the segment graph, it gives how many isolation valves must be closed in order to cut off a segment. For the determination of the degree distribution we used the C package igraph [17] .
The results of degree distribution analysis can be seen in Fig. 5 . We found that the all investigated networksexcept the smallest one -can be characterized with the same degree distribution independently from its size. The average node degree is 2.33 with a standard deviation of 0.1 (excluding the smallest network), based on Fig. 5 , in overall n D = ± 2 33 0 1 . . . On the other hand, it does not follow any specific network degree distribution, e.g. scale-free [11] . However, the comparison of the structural properties (e.g. diameter, cluster coefficient, degree distribution) and considering this graph is necessarily planar, also fully connected i.e. there are no crossing edges without a node, also there are no segregated islands, we can say it is mostly similar to a planar, connected random graph. This means Fig. 4 The method of the segmentation.
that the probability of having a node with high degree is negligible, thus the networks are robust against a random pipe failure. In overall, we can say that the investigated networks can be described with the same (but not specific) degree distribution, and based on the structural properties they behave as a planar, connected random graph.
Although the degree distributions are similar, a significant difference can be observed: the number of the segments with degree 1 and with degree 3 or higher. We will refer to the objective quantity as n 1/3+ . This quantity was calculated for every network.
If segments with high connection number dominate the network (e.g. n 1/3+ = 0.287 in case of network 10) it is a clearly an urban network, and in the opposite case, if the end segments -with 1 degree -dominate the network (e.g. n 1/3+ = 0.700 in case of network 4) it is a suburban network, see Fig. 6 . 
With the help of the n 1/3+ ratio, it is possible to characterize the ratio between the extension and the density/ redundancy of a network. If one has to cope with numerous WDSs (e.g. a regional water utility company serving over a large area) it is possible to use this method that is capable of identifying the weak zones where a pipe burst have a larger impact to the water distribution.
Conclusion
This paper presented a computationally efficient algorithm, that is capable of building the segment graph of a water distribution network. On one hand, the favorable run time -that grows linearly with the size of the network -made it possible to create the isolation plans in real-time for any part of the WDS. On the other hand, the segment graph was examined using the toolbox of complex network theory. Firstly, it was observed that above a certain limit the segment graph of all the test networks (9 real-life WDNs) follows nearly the same degree distribution independent of their size. Secondly, based on their structural properties (e.g. large diameter, low clustering coefficient) the segment graph is similar to a random graph, although in our case the networks are necessarily connected, and planar, i.e. edges (isolation valves) cannot cross each other without a node (segment). Thirdly, we observed that the ratio between the number of nodes having degree one and degree three (or above) could be a basis for the objective categorization of the water distribution networks for their typical topology (from urban to the suburban/countryside, that is from the grid to tree). Which means that, with the help of this (n 1/3+ ) ratio, it is possible to characterize the relation between the extension and the density/ redundancy of a network. With the help of this factor possible to create a method which identifies the weak points and through that, the larger coast areas in the network as well. Besides that, this ratio can be an objective function for an optimum searcher algorithm, through that, this factor make possible to increase the robustness of a WDS.
